The Devonian Chattanooga Shale contains an uppermost black shale interval with dispersed phosphate nodules. This interval extends from Tennessee to correlative strata in Kentucky, Indiana, and Ohio and represents a significant period of marine phosphate fixation during the Late Devonian of North America. It overlies black shales that lack phosphate nodules but otherwise look very similar in outcrop. The purpose of this study is to examine what sets these two shales apart and what this difference tells us about the sedimentary history of the uppermost Chattanooga Shale. In thin section, the lower black shales (PBS) show pyrite enriched laminae and compositional banding. The overlying phosphatic black shales (PhBS) are characterized by phosbioclasts, have a general banded to homogenized texture with reworked layers, and show well defined horizons of phosphate nodules that are reworked and transported. In the PhBS, up to 8000 particles of P-debris per cm 2 occur in reworked beds, whereas the background black shale shows between 37-88 particles per cm 2 . In the PBS, the shale matrix contains between 8-16 phosphatic particles per cm 2 . The shale matrix in the PhBS contains 5.6% inertinite, whereas just 1% inertinite occurs in the PBS. The shale matrix in both units is characterized by flat REE patterns (shale-normalized), whereas Phosbioclast-rich layers in the PhBS show high concentrations of REEs and enrichment of MREEs. Negative Ce-anomalies are common to all samples, but are best developed in association with Phosbioclasts. Redox-sensitive elements (Co, U, Mo) are more strongly enriched in the PBS when compared to the PhBS. Trace elements associated with organic matter (Cu, Zn, Cd, Ni) show an inverse trend of enrichment. Deposited atop a sequence boundary that separates the two shale units, the PhBS unit represents a transgressive systems tract and probably was deposited in shallower water than the underlying PBS interval. The higher phosphate content in the PhBS is interpreted as the result of a combination of lower sedimentation rates with reworking/winnowing episodes. Three types of phosphatic beds that reflect different degrees of reworking intensity are observed. Strong negative Ce anomalies and abundant secondary marcasite formation in the PhBS suggests improved aeration of the water column, and improved downward diffusion of oxygen into the sediment. The associated oxidation of previously formed pyrite resulted in a lowering of pore water pH and forced dissolution of biogenic phosphate. Phosphate dissolution was followed by formation of secondary marcasite and phosphate. Repeated, episodic reworking caused repetitive cycles of phosphatic dissolution and reprecipitation, enriching MREEs in reprecipitated apatite. A generally "deeper" seated redox boundary favored P-remineralization within the sediment matrix, and multiple repeats of this process in combination with wave and current reworking at the seabed led to the formation of larger phosphatic aggregates and concentration of phosphate nodules in discrete horizons.
Introduction
The formation of sedimentary phosphate deposits is still debated for specific instances (e.g., Follmi, 1996; Trappe, 1998; Kouchinsky et al., 1999; Schulz and Schulz, 2005; Dornbos, 2011; Bailey et al., 2013) .
Although upwelling has been considered as an important factor for P-supply along continental margins for modern phosphatic sediments (e.g., Kazakov, 1937; Burnett, 1977; Baturin, 1982) , mechanisms that produce phosphate-rich sediments without upwelling have also been recognized (e.g., Heggie et al., 1990; O'brien et al., 1990) . Hydrothermal processes or submarine volcanic activity have been proposed as additional factors for sedimentary phosphate enrichment (Berner, 1973; Froelich et al., 1982; Wheat et al., 1996; Petsch and Berner, 1998) . Sedimentary Geology 329 (2015) Recent studies show abundant evidence of microbial mediation and even direct evidence of microbial colonies in the sediment (Reimers et al., 1990; Kouchinsky et al., 1999; Schulz and Schulz, 2005; Bailey et al., 2007; Barale et al., 2013; Lepland et al., 2013) . In modern and ancient sediments, (Kazakov, 1937; Burnett, 1977) , giant sulfur-oxidizing bacteria, such as Thiomargarita, Beggiatoa, and Thioploca, which are abundant in phosphogenic settings may play an important role in phosphogenesis by storing phosphate under oxic conditions and releasing large amounts of dissolved phosphate in anoxic conditions to facilitate rapid apatite precipitation (e.g., Reimers et al., 1990; Schulz and Schulz, 2005) . It has also been demonstrated that bacterially mediated phosphogenesis can rapidly permineralize sulfide-oxidizing bacteria and others types of organic remains (Bailey et al., 2007; Bailey et al., 2013; Lepland et al., 2013 ). Yet whereas these microbial pathways are probably essential for mobilizing and redistributing phosphate in surficial sediments, observations from both modern and ancient phosphorites implicate low sedimentation rates, strong bottom currents, and an abundance of organic matter as essential ingredients for the formation of phosphorites (Heggie et al., 1990; O'brien et al., 1990; Follmi, 1996; Baturin, 1999) . The microbially driven decay of organic matter releases phosphate to pore waters, and contributes to supersaturation that leads to phosphogenesis (Baturin, 1999) . Strong bottom currents mechanically remobilize and transport existing phosphatic particles, and in alternation with "resting periods" during which chemical processes concentrate phosphate (e.g., Follmi, 1996; Baturin, 1999; Dornbos et al., 2006; Follmi et al., 2007; Dickinson and Wallace, 2009 ) phosphate enrichment proceeds in repetitive cycles of reworking and redeposition.
The phosphatic interval of the Upper Devonian Chattanooga Shale and its lateral equivalents in Tennessee, Kentucky, Indiana and Ohio and are considered the result of deposition during a major transgression in the Late Devonian of the eastern US (e.g., Schieber, 1998; Lazar, 2007) (Figs. 1, 2, 3) . In spite of extensive research on the Devonian black shales of the eastern US (Roen, 1983) and basic study about the Upper Devonian phosphate nodules (Acomb, B., 1979) , phosphate formation in these shales has only received scant attention. In this study we endeavor to better understand the conditions that caused strong phosphate enrichment in this unit through cm to mm scale petrographic examination, quantitative analysis of the distribution of phosphatic debris, geochemical analysis, and detailed optical microscopy and SEM observations. Besides microbial mediation and decay of organic matter, dissolution of phosphatic fossil debris due to fluctuation of the redox boundary and pH levels may have played an important role in the phosphogenesis of these sediments.
Geological setting
The Upper Devonian Chattanooga Shale is part of a thin, epicontinental black shale sequence of Late Devonian age that was deposited over large portions of the North American craton (de Witt et al., 1993) (Fig. 1) . It is equivalent to the New Albany Shale in the Illinois Basin and the Ohio Shale in the central and northern Appalachian Basin. Unconformably overlying a range of older strata, the Chattanooga Shale was subdivided into three members: the lowermost Hardin Sandstone (only found in the southwestern Tennessee), the Dowelltown Member, and the uppermost Gassaway Member (Conant and Swanson, 1961) . At Chestnut Mound in central Tennessee, only the latter two members occur (Fig. 2) . Although the Chattanooga Shale has been considered as the deposit of a deep stagnant basin (Potter et al., 1982; Ettensohn, 1985) , recent studies show that it was probably deposited in comparatively shallow water and was affected by storm waves and episodic erosive events (Schieber, 1994a; Schieber, 1994b; Schieber, 1998) . Erosive events of variable strength and duration are indicated by erosion surfaces beneath which from a few centimeters to more than a meter of section is missing. Storm-wave induced hummocky crossstratified sand/silt beds, and mud tempesites indicate that the seafloor was close to or within reach of storm waves (Schieber, 1994a) . Subtle but widespread bioturbation features imply that bottom waters were rarely anoxic, but instead variably oxygen restricted (Schieber, 1994a; Schieber, 2003; Schieber, 2009) .
The study interval is in the upper portion of the Gassaway Member, an interval that is subdivided into a lower, middle, and upper unit. The upper unit consists predominantly of resistant weathering black shales that show fine internal laminae thought to reflect bedload transport and bottom currents , as well as current reworked pyritic beds (Schieber and Baird, 2001) . At the very top of the Upper Gassaway member a phosphatic interval with current reworked phosphate nodules occurs. This interval, the focus of this study, has in places been removed by post-Devonian erosion, but its distribution suggests that it once was an extensive blanket of phosphatic shale. It is characterized by a relative abundance of phosphatic fossil debris (fishbone, fish scales, phosphatic brachiopods, and conodonts), as well as fossilized wood debris and other biogenic particles. Tasmanites cysts, the remains of fossil of alga, are common. The biostratigraphic marker Protosalvinia, a likely plant fossil (Over et al., 2009) , occurs in the upper portion of the upper Gassaway Member (Schieber, 1998) and at Chestnut Mound it is found just beneath the erosion surface that separates the phosphatic shale (PhBS) interval from the underlying pyritic (PBS) shales (Fig. 2) .
A sequence stratigraphic subdivision of the Chattanooga Shale and its lateral equivalents have been developed through tracing of laterally extensive erosion surfaces (Schieber, 1998; Schieber and Lazar, 2004; Lazar, 2007; and further confirmed through conodont data from Over (2007) and Over et al. (2009) and the position of the Protosalvinia interval (Over et al., 2009) within measured stratigraphic sections. At Chestnut Mound multiple sequences and system tracts have been identified (Schieber, 1998; . The PBS and PhBS intervals are separated by an erosion surface that is interpreted as a sequence boundary, and are interpreted to represent a highstand systems tract (HST) and a transgressive systems tract (TST) respectively. A phosphatic lag occurs above this erosion surface (Fig. 3B ). According to conodont data from this location (Over, 2007) , the PhBS interval falls into the middle expansa zone (Fig. 2) , which is equivalent to the miospore zones from Rugospora versabilisGrandispora cornuta (VCo) to Retispora lepidophyta-Knoxisporites literatus (LL) (Streel et al., 2000; Isaacson et al., 2008) . This interval correlates to a transgression in the lower half of T-R cycle IIf of the global Devonian sea level curve Johnson et al., 1991; Sandberg et al., 2002; Kaufmann, 2006) . The timing of this cycle does not coincide temporally with postulated glacial events near the Devonian-Mississippian boundary. Subsequent glacial event occurred during the miospore zones from Retispora lepidophytaIndotriradites explanatus (LE) to Retispora lepidophyta-Verrucosisporites nitidus (LN) (Brezinski et al., 2008; Caputo et al., 2008; Brezinski et al., 2009) . It coincides temporally with the overlying Maury Formation (Fig. 2) that contains praesulcata conodonts, and occurred approximately 2 million years later (Kaufmann, 2006) .
Materials and methods
The thickness of our target section that traverses the contact between pyritic black shales and phosphatic black shales is 1.2 m (Fig. 2) . Ten samples were selected for preparation of polished thin sections. Samples CM-K1 to CM-K5 were selected from the PhBS interval, and samples CM-K6 to CM-J2 were collected from the PBS interval. These polished thin sections were examined under the optical microscope (transmitted and reflected light) and the scanning electronic microscope (SE and BSE imaging). Subsamples from CM-K2, CM-K4 and CM-K5 were polished by argon ion milling for high resolution SEM imaging. Examination of organic macerals was conducted in the coal laboratory of the Indiana Geological Survey under supervision of Dr. Maria Mastalerz. The distribution of phosphatic debris in thin sections was quantified by point counting cm-thick intervals of "background" black shale, as well as phosphatic lag deposits. Although shale and mudstone are both widely used terms for fine grained sediments, because of the historical use of the term "shale" in the stratigraphic designation (Chattanooga Shale), and also for simplicity, we will primarily use the term shale in this contribution, with the understanding that it includes what some prefer to identify as mudstones.
Sub-samples of "background shale", avoiding pyritic or phosphate enriched layers, were cut out of the larger samples and analyzed for major elements, trace elements, carbon and sulfur. In sample CM-K4, a phosbioclast layer (labeled CM-K4b) was cut out and analyzed for major and rare earth elements. Geochemical analyses were conducted at Acme laboratories (Vancouver, Canada), using X-ray fluorescence (XRF) and Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). Carbon and sulfur concentrations were determined with a Leco elemental analyzer. Rare earth elements (REE) were normalized against Post-Archean Australian Shale (PAAS) (Taylor and McLennan, 1985; McLennan, 1989) and Eu/Eu*, Ce/Ce* were calculated using published formulae (see below; (Taylor and McLennan, 1985) :
4. Description and geochemical results
Shale facies
Two types of shale facies occur in the upper part of the Upper Gassaway: the lower pyritic black shale (PBS) and the upper phosphatic black shale (PhBS) (Figs. 3B, 4) .
The PBS unit (0.8 m thick) is characterized by pyrite enriched laminae and compositional banding (Figs. 4A, 5 ). The term compositional banding implies mm-scale layers (bands) of variable composition that lack sharp boundaries and grade into each other. In the lower portion of the PBS unit compositional banding is accentuated by varying abundance of pyrite framboids between in alternate bands, scattered pyritic nodules (0.5-2 mm), highly pyrite enriched layers (0.5-3 cm thick) that consist of pyritized fecal pellets and the pyritic infills of Tasmanites cysts (Schieber, 1998; Schieber and Baird, 2001) , and in places continuous to discontinuous silt laminae (Fig. 5A, B) . The upper portion of the PBS unit generally shows a greater abundance of silt laminae that are interstratified with banded pyritic shales (Fig. 5D, E) . Compositional banding is accentuated by variable abundance of Fe-sulfides, occurring as pyrite framboids, as well as grains of euhedral pyrite and marcasite. Phosphatic fossil fragments (conodonts, fish bones and brachiopods) are sparsely scattered through the black shale matrix (Fig. 6A) . Reworked laminae can contain more phosphatic debris and the debris may show variable degrees of pyritization (Fig. 6B) . Collapsed Tasmanites cysts are abundant throughout the PBS interval. In the uppermost 20 cm of the interval compressed remains of the plant fossil Protosalvinia (Over et al., 2009) are common on bedding planes (Fig. 5E , CM-K6). A variety of organic macerals was observed in thin sections and was quantified via point counting. Recognized organic components are alginite (3.6%), amorphinite (13.2%), liptodetrinite (7.4%), vitrinite (0.8%), inertinite (1%), and bitumen (0.2%) (Fig. 7A) .
In the lower part of the PBS interval (thin sections CM-J1 and CM-J2) the abundance of phosphatic particles averages 9 particles per cm 2 in background black shale (Figs , and background black shale in these thin sections averages 14 phosphatic particles per cm 2 (Fig. 5F ).
The overlying PhBS interval is characterized by a relative (to PBS) enrichment with biogenic phosphate debris in the background shale and abundant phosphate nodules (Fig. 4B) . The lower part of the PhBS interval is characterized by phosbioclasts and silty bands with phosphatic debris (Figs. 4B, 6G, H) . At the base of the PhBS unit, a normally graded lag deposit with abundant phosbioclasts and a sharp, jagged basal scour surface is observed. In places within the lower PhBS unit inversely graded layers with phosbioclasts and reworked pyrite occur (Fig. 5G, H) . Silty phosphatic bands consist mainly of detrital quartz and phosphatic fossil debris, may be homogenous, or show hints of normal or inverse grading (Figs. 4B, 5G, H) . Scattered through the black shale matrix are thin, continuous to discontinuous, silty and variably pyritic laminae (Fig. 5H) . Aside of phosphatic lags and silty phosphatic bands and laminae (Fig. 6C , E, F), phosphatic debris is relatively sparse in the "background" black shale (Fig. 6D, H ). Phosphate nodules (1-20 cm in size) occur within horizons that are characterized by phosbioclast-rich lags and/or silty phosphatic bands (Fig. 3C, D) . In places pyritic laminae and small pyrite nodules occur, but they are much less abundant than in the PBS interval. Compared with the PBS unit, framboidal pyrite and micron-size euhedral pyrite grains are less abundant in the "background" black shale, but still can form localized concentrations in thin laminae. Many euhedral marcasite grains occur in association with pyrite-marcasite clusters, and remnant spherical shapes suggest degradation (partial dissolution) and deformation of original pyrite framboids. Tasmanites, the cysts of marine brown algae (Tappan, 1980) are a common matrix constituent throughout the lower portion of the PhBS facies. Organic macerals include 7.2% alginite, 18.2% amorphinite, 5.4% liptodetrinite, 2.2% vitrinite, 5.6% inertinite, and 0.8% bitumen (Fig. 7B) .
Phosphatic fossil debris is significantly more abundant in the PhBS interval when compared to the PBS interval. Reworked phosbioclast layers may contain as many as 8000 pieces of phosphatic fossil debris per cm 2 , and silty phosphatic bands average 2500 particles per cm 2 ( Fig. 5I ). In contrast, in the background black shale the abundance of phosphatic particles averages 60 particles per cm 2 (Fig. 5I ).
Geochemistry results
The abundances of major chemical constituents are listed in Table 1 . Except for sample CM-K4b, a layer highly enriched in phosbioclasts, results of all samples (selected from the black shale matrix) are plotted in Fig. 8 . The SiO 2 content (Fig. 8 ) of the PhBS interval, ranging from 50.41 wt.% to 52 wt.%, is consistently higher than that of the PBS interval (44.09 wt.% to 46.31 wt.%). Similarly, Al 2 O 3 is enriched in the PhBS interval (11.06-12.16 wt.%) relative to the PBS interval (Fig. 8) . Except for sample CM-K4b (phosbioclast layer, 6.78 wt.% P 2 O 5 ), the P 2 O 5 content of the PhBS interval shows maximum enrichment in sample CM-K4 (abundant silty phosphatic bands, 1.71 wt.% P 2 O 5 ), but samples of background black shale show no systematic difference in P 2 O 5 content between PBS and PhBS units (Fig. 8 ). Of course, once the nodules and phosbioclast layers are added, P 2 O 5 enrichment in the PhBS interval is quite obvious. Because the analyzed samples were selected with a view toward characterization of background sedimentation, the P 2 O 5 content of this interval is not reflected in the analyses shown in Table 1 and Fig. 8 . The estimated proportions of phosphate nodules, phosbioclast layers and silty phosphatic bands that are observed in outcrop within the PhBS interval are respectively~5 vol.%,~10 vol.%, and 15 vol.%. Based on our data we assume average P 2 O 5 contents of phobioclast layers and silty phosphatic bands at 6.5 wt.% and 1.5 wt.%, respectively, and assume an apatite dominated composition with 40 wt.% P 2 O 5 for the nodules. When added to the average P 2 O 5 content of background PhBS (0.27 wt.%), the estimated average P 2 O 5 content for the PhBS interval should be approximately 3 wt.%, about an order of magnitude larger than observed in the PBS interval (0.27 wt.%) (Fig. 8 ). The abundance of total Fe 2 O 3 starkly differs between the PBS Table 1 Geochemical results of samples from uppermost Chattanooga Shale at Chestnut Mound, Central Tennessee.
Elements
Samples interval (9.44-13.24 wt.%) and the PhBS interval (3.29-5.21 wt.%, Fig. 8 ).
Redox-sensitive trace elements (U, Mo, Co) were normalized to aluminum (Al) to examine their variability between the two shale intervals (Fig. 9) . U, Mo, and Co show comparable trends with larger enrichments in the PBS unit (Fig. 8) . Other trace elements, such as Cu, Ni, Cd, Zn, Cr, and V, show generally opposing trends with higher abundances in the PhBS interval (Fig. 9) . The concentrations of rare earth elements have been normalized to PAAS. Samples from the background black shale matrix of both intervals show largely flat patterns with slightly negative Ce anomalies (Fig. 10A, B) . Notable exceptions are samples CM-K4 (contains silty phosphatic bands) and CM-4b (phosbioclast layer) with stronger phosphate enrichment and more pronounced negative Ce anomalies (Fig. 10B, C) . Stratigraphic variability of carbon (C) and sulfur (S) is shown in Fig. 8 . Total organic carbon (TOC) increases gradually from the PBS unit to the PhBS unit, ranging from 15.00 to 21.22 wt.% (Fig. 8) . Sulfur distribution very closely matches the variability of iron (Fig. 8 ).
SEM observation in the PhBS unit
Significant numbers of phosphatic particles in the PhBS unit show evidence of dissolution. Dissolution is manifested in two ways: (1) as embedded pyrite crystals in the surface of phosphatic fossils (Fig. 11A,   Fig. 9 . Stratigraphic variation of Al-normalized trace element concentrations in the PBS and PhBS intervals. Red arrows mark the erosion surface between the two units. Dashed lines indicate Al-normalized enrichment of some trace elements as observed in the Black Sea (Calvert and Pedersen, 1993) . B, C) and (2) corrosion of the structure of phosphatic fragments (Fig. 11D, E, F) . Under the optical microscope, many black pyrite spots (transmitted light) are on the surface of brachiopod, fish bone, and conodont fragments, giving the impression that pyrite crystals "grew" on the surface of fossil debris (Fig. 11A ). When observed under the SEM, however, these euhedral pyrite crystals were embedded in the surface, indicating a replaceable relationship (Fig. 11B, C) . Phosphate dissolution may be related to early diagenetic pyrite formation (see Discussion). Most pieces of phosphatic brachiopod debris show primary and secondary layers (e.g., Holmer, 1989) . Primary layers consist of structureless apatite, whereas secondary layers show a partially dissolved structure of criss-crossing baculae (e.g., Holmer, 1989) . Additionally, conodonts and fishbone debris may show dissolution along fractures and holes. Some partially dissolved fragments are surrounded by on overgrowth of structureless cryptocrystalline apatite (CCP) (Fig. 11J, K) . Agglomerates of cryptocrystalline apatite can show deformation by compaction (Fig. 11L) .
When examined with scanned cathodoluminescence, phosphatic fossils, cryptocrystalline apatite, and phosphate nodules show varying degrees of CL intensities (Fig. 12) . Most phosphatic fossil debris is characterized by light gray to light blue CL. Overgrowth cryptocrystalline apatite shows a shift to a more bluish and intense CL response (Fig. 12A, B) . Some agglomerates of cryptocrystalline apatite show a sky blue CL that is more intensive than overgrowth cryptocrystalline apatite (Fig. 12C,  D) . Apatite within phosphate nodules shows deepest blue color (Fig. 12E, F) .
Besides of agglomerates of cryptocrystalline apatite, we also observed clusters of spherical apatite particles in the PhBS unit (Fig. 13 ) that morphologically resemble possible fossilized bacteria as observed in the Paleocene phosphorites from Ouled Abdoun (Cosmidis et al., 2013) . These spherical objects show a narrow size distribution (1-3 μm) (Fig. 13A ) and a multi-layered concentric structure (Fig. 13B, C, D) . They are constructed with a bright and thick outer layer, a complete or incomplete bright inner apatite filling, and an intermediate low-density ring. Following Cosmidis et al. (2013) these are referred to as the outer precipitate, the inner precipitate, and the crown respectively (Fig. 13D, E, F) . The crown consists of a dark matrix with embedded elongate apatite crystals. However, other clusters of spherical apatite particles are deformed. These deformed objects also show a narrow size distribution but lack a multi-layered concentric structure (Fig. 13G, H, I ). Another potential microbial related feature is the occurrence of apatite grains within organic matter. These are distributed at variable density within organic matter (kerogen) (Fig. 14A, B) . These crystals may show irregular as well as rounded to cylindrical shapes.
In phosphate nodules of the PhBS unit, the phosphatic matrix consists of "cloudy mottled" phosphate cements which show an internal radial texture at higher magnifications (Fig. 15A) . Interstitial voids and pores are infilled by calcite cements (Fig. 15B) . Two main kinds of Tasmanites cyst associated mineralization were observed: calcitic phosphatic Tasmanites cyst (CPT) (Fig. 16 ) and phosphatic Tasmanites cysts (PT) (Fig. 17) . Most of CPT are filled with apatite, calcite, framboidal pyrite, marcasite and organic material. Some of pyrite framboids are at various stages of degradation (Fig. 16E) . Organic walls of CPT are usually degraded, either fragmented or shrunk (Fig. 16A, D, F, G) . PT are composed of apatite, framboidal pyrite, coarser pyrite cement, marcasite and organic material (Fig. 17) . The main difference to CPT is that it lacks calcite. Unlike CPT, organic walls of PT are largely complete or just slightly shrunk (Fig. 17A, D, E,) . Some partially dissolved apatite grains also occur within areas of dominant calcite cement (Fig. 17E, G) , whereas scattered residual apatite within calcite cement indicates calcite replacing apatite, rather than a sequence of events where dissolution created a void that was later on infilled with calcite (Fig. 17F ).
The phosphatic shales described here have lateral equivalents in the New Albany Shale (upper portion of Clegg Creek Member) of Indiana and Kentucky and the Cleveland Shale of Kentucky and Ohio (Schieber and Lazar, 2004; Lazar, 2007) , and these shales and their phosphate nodules are texturally identical to those described here (Fig. 18) . These nodules are also reworked (Fig. 18A) , and their phosphatic matrix is the same as observed in the Chattanooga Shale (Fig. 18B, C) . Relicts of phosphatic fossils, such as brachiopods, conodonts, and fish bones occur within nodules (Fig. 18D, E, F) , as well as brownish round or irregular lumpy "grains" (Fig. 18F ) which are phosphate cemented Tasmanites cysts and radial phosphate cements (Fig. 18G ).
Discussion

Phosphatic layer: distribution and accumulation
Phosphatic fossil debris is a main source of phosphate in the two shale units in question, and its abundance and distribution should mirror the differences in P content and the potential for P-nodule formation. As outlined above, the background black shale of the PhBS interval shows a fourfold increase in phosphatic particles when compared to the PBS interval, and in reworked silty layers we see an order of magnitude increase of phosphatic particles as we go from PBS to PhBS (Fig. 5C, F, I ). These differences, as well as the presence of reworked lags with even larger abundances of phosphatic debris suggest that phosphate enrichment in the PhBS is due to a combination of generally smaller sedimentation rates for the background sediment, as well as more frequent reworking and winnowing of the sediment once it had been deposited.
Sedimentation rate figures prominently to explain high P-enrichment in ocean sediments (Ingall and Cappellen, 1990; Follmi, 1996; Filippelli, 1997; Baturin, 1999; Dornbos, 2011) . When combined with high primary productivity that can deliver large amounts of organic material to the seabed, low sedimentation rates result in organic enrichment of surface sediments (Follmi, 1996; Baturin, 1999; Dornbos, 2011) . Decay of organic matter releases phosphate to pore waters, and once supersaturation is reached precipitation of hydroxylapatite occurs in pore spaces (Baturin, 1999) . The average TOC in the PhBS unit (19.3 wt.%) is relatively higher than in the PBS unit (17.1 wt.%) ( Fig. 8; Table 1 ), indicating that decay of organic matter is a possible source of diagenetic P. Fragments of phosphatic fossils, on the other, differ systematically between the two units and suggest that strongly reduced net sedimentation rates in the PhBS interval can explain P enrichment. High sedimentation rates would also dilute the concentration of biogenic P-debris. Because the background shale of the PhBS unit is much more enriched in P-debris (37-88 particles per cm 2 ) (Figs. 5I, 6D, H) than the black shale matrix of the PBS unit (8-16 particles per cm 2 ) (Figs. 5C, F, 6A) , is therefore an indication that overall sedimentation rates for the PhBS unit were lower than those for the PBS unit.
A second dimension of P-enrichment that we observe is reworking and winnowing of the seabed by bottom currents. These currents are probably due to large scale basin circulation, as well as wave interaction with the seabed. Mechanical remobilization, transport, and redeposition of P-particles, in combination with repeated dissolution and reprecipitation of P, further concentrates P, (Follmi, 1996; Trappe, 1998; Baturin, 1999; Dornbos et al., 2006; Dornbos, 2011) , a process that has also been termed "Baturin cycles". Acting over multiple cycles of reworking, "Baturin cycles" cause significant stratiform concentrations of phosphate. (Follmi, 1996; Dornbos et al., 2006) . With regard to abundance, the largest P-contents in the PhBS are observed in P-concretions, followed by phosbioclast layers, silty phosphatic bands, silty laminae or ripples and background shale (Figs. 5I, 6C, E, F) . In the PBS unit, in contrast, above background P-values are only observed in association with bottom current produced silty laminae or ripples (Figs. 5F, 6B) . This difference demonstrates that reworking and winnowing events are the most significant mechanical process of concentrating phosphatic fragments in the PhBS unit. The comparatively high density of phosphatic debris (2.9 g/cm 3 ; (Follmi, 1996) ) further enhances selective sediment transport during winnowing, selectively removing clays, particulate organic matter, and fine silt, and leaving behind larger and heavier P-debris (Trappe, 1998) . Whereas the P-nodules represent the end-point of physico-chemical P-concentration, the other non-concretionary types of P-enrichment, normal and inversely graded phosbioclast layers and silty phosphatic bands, provide information about seafloor processing of the initial sediment (Figs. 4B, 5G, H, 19 ). Phosbioclast layers above jagged erosion surfaces indicate substantial erosive energy and removal of several decimeters of substrate (Schieber, 1998) . Normal graded phosbioclast layers are considered the result of reworking/winnowing events that waned gradually ( Fig. 19C) , whereas silty phosphatic bands are thought to be caused by longer term action of moderate current and wave action (Fig. 19D) . In contrast, inverse graded phosbioclast layers are thought to reflect gradual increase in bottom energy from moderate to high (Fig. 19B) . Cumulatively, our observations indicate that the abundant of P-debris serves as a proxy for the average energy level at the seabed. Stratigraphic variability of P-enrichment from cm to cm indicates fluctuating intensity of bottom current activity and may even reflect high order sea level fluctuations.
In addition, the distribution of organic particles also suggests much lower sedimentation rate and enhanced reworking of the seabed during deposition of the PhBS interval. Given that the inertinite that has been observed in these shales (Fig. 7) is probably land-derived fossil charcoal , the much higher abundance of inertinite in the PhBS unit (5.6%; Fig. 7B ) relative to the PBS unit (1%; Fig. 7A ) is consistent with concentration of inertinite in the PhBS via combination of low sedimentation rate and reworking & winnowing.
Phosphate remineralization: dissolution and reprecipitation
There are four possible sources of dissolved phosphate in sediments: microbial breakdown of labile organic matter (e.g., Ingall and Cappellen, 1990) , phosphate desorption from iron and manganese oxyhydroxides, dissolution of phosphatic fossil debris, and direct precipitation of sea-water phosphate at the sediment-water interface (e.g., Follmi, 1996) . Calcium phosphate can dissolve under acidic or near neutral conditions (e.g., Christoffersen, 1981; Dorozhkin, 2002; Dorozhkin, 2012) and precipitate under neutral to weakly alkaline conditions (Lucas and Prevot, 1991; Briggs and Wilby, 1996; Trappe, 1998) . The dissolution features observed in the PhBS unit, replacement of phosphate by pyrite and partial dissolution of phosphatic fossil debris (Fig. 11A, B , C, D, E, F) reflect two different aspects of dissolution. Pyritization implies dissolution contemporaneous with pyrite precipitation, suggests a role of bacterial sulfate reduction in the process (e.g., Raiswell, 1997) . Partial dissolution of phosphate fossils, especially brachiopod shells (Fig. 11E,  F) , in the PhSB unit suggests significant lowering of pore water pH values. Phosphatic brachiopods, such as Lingula, have a shell with primary and secondary layers, and the latter have been made visible by acid etching in prior studies. Etching brings out a network of crisscrossing baculae in the secondary layer (Holmer, 1989; Nemliher et al., 2004; Puura † and Lang, 2013 ) that closely resembles the secondary layer structure seen in this study (Fig. 11E, F) . This suggests that the observed structures (Fig. 11E, F) record etching by intermittently acidic pore waters. Dissolved "fractures" or "holes" in other phosphatic fossil debris (conodonts, fishbone) provide further support for intermittently acidic pore waters. A possible driver for lowering pore water pH is the oxidation of early diagenetic pyrite, which promotes the subsequent formation of marcasite (Schieber, 2007; Schieber, 2011) and is illustrated with the following equation:
This reaction is consistent with observations of carbonate dissolution due to iron-sulfide oxidation in modern muds (Reaves, 1986) and was further confirmed by the recognition of marcasite formation from iron sulfides in marine lags and black shales (Schieber and Riciputi, 2005; Schieber, 2007; Schieber, 2011) . The common observation of marcasite in the PhBS unit, associated with degradation of pyrite framboids (Fig. 11G, H, I ) is consistent with the assumption of intermittently lower pH levels and phosphate dissolution.
The sharp drop of Fe content when going from the PBS unit to the PhBS unit (Fig. 8) provides another piece of the puzzle in explaining the distinctions between the two shale units. Previous studies of the marine iron cycle have shown that significant amounts of iron are transported from the continental shelf to the deeper ocean (de Baar and de Jong, 2001; Poulton and Raiswell, 2002; Aumont and Bopp, 2006; Raiswell et al., 2006; Moore and Braucher, 2008; Lancelot et al., 2009; Tagliabue et al., 2009; Raiswell, 2011; Taylor and Konhauser, 2011) , a process described as the "benthic iron shuttle". In conditions where sulfate reduction is suppressed, Fe (II) in the pore waters of shallow-shelf sediments, formed by bacterial iron reduction (Taylor and Macquaker, 2011) , is reoxidized during sediment reworking and resuspension events and generates fine-grained iron oxides (nanoparticles and aqueous species) that are transported by current into deeper water (Raiswell, 2011; Taylor and Konhauser, 2011) . The drop of iron contents in the PhBS unit suggests that episodic shelf reworking exposed Fe-rich pore waters to oxidation and led to formation of fine grained solid iron phases (oxides and oxyhydroxides). Although some of these fine grained iron solids may be redeposited and fixed again as pyrite, repeated cycles of reduction, resuspension and re-oxidation are likely to allow a portion of them to be carried by currents into deeper water (Lyons and Severmann, 2006) . We propose therefore that iron depletion in the PhBS is due to the operation of the (reworking supported) benthic iron shuttle, and that significantly lesser amounts of reworking in the PBS exposed less pyrite to reoxidation and potential removal as iron oxide solids.
The observed Ce anomalies also suggest that deposition of the PhBS unit occurred under more oxygenated and probably shallower conditions (Figs. 9, 10 ). The negative Ce anomaly is related to the oxidation of Ce (III) to immobile Ce (IV) (Sholkovitz et al., 1994) , and therefore has been used as indicator of depositional environment of fine-grained sediments (Murray et al., 1991) , and to trace redox conditions (Elderfield and Greaves, 1982; Wilde et al., 1996) . Negative Ce anomalies are small in both shale units, but better developed in the PhBS unit (avg. = 0.73; Fig. 9 ), suggestive of better bottom water oxygenation in the PhBS unit.
Trace elements have also been widely used as indicators of paleo-redox conditions (e.g., Berner, 1980; Huerta-Diaz and Morse, 1990; Emerson and Huested, 1991; Calvert and Pedersen, 1993; Piper, 1994; Crusius et al., 1996; Helz et al., 1996; Sageman et al., 2003; Algeo and Maynard, 2004; Tribovillard et al., 2006) . Enrichments of U, Mo, and Co are generally higher in the PBS unit than in the PhBS unit, coincident with smaller Ce anomalies. Enrichment of U in phosphate (Jarvis, 1995; Trappe, 1998) explains the abnormal U values of phosbioclast sample CM-K4. Other trace elements (V, Cu, Ni, Zn, Cr, Cd), however, show inverse trends of enrichment, meaning that they are more enriched in the PhBS unit. For the PhBS unit, the abundances of U, Mo, and Co would imply a more oxygenated setting than unit PBS, whereas V, Cu, Ni, Zn, Cr, and Cd) trends would suggest that it was deposited in a more oxygen restricted setting. This seeming contradiction (Fig. 9) could be due to a change in organic matter composition. Fig. 15. (A) BSE image of background matrix within a phosphate nodule from sample CM-K5. Notice the "cloudy-mottled" phosphate cements (light gray is phosphate, dark gray is calcite). (B) Close-up of "cloudy-mottled" phosphate cements. Notice the internal radial texture within cements (yellow arrows). Ca = Calcite, Ph = phosphate. In previous studies it was noticed that some trace elements are prefer to be concentrated in specific organic matter types (e.g., Pareek and Bardhan, 1985; Lyons et al., 1990; Palmer and Lyons, 1990; Robl et al., 1992; Spears and Zheng, 1999; Wang et al., 2003) . The PhBS unit contains more alginite and inertinite than the PBS unit, and this difference could potentially explain the difference in trace element incorporation (Fig. 7) . This issue probably needs further analysis for the rocks at hand, but nonetheless serves as a reminder that one needs to proceed with caution when using trace elements as indicators of redox condition.
In the PhBS unit, partial dissolution of phosphatic fossil debris and secondary overgrowths of cryptocrystalline apatite (Fig. 11J, K) attest through their spatial relationships to multiple cycles of dissolution and reprecipitation. The concept that cryptocrystalline apatite is the result of reprecipitation of previously dissolved is consistent with the previously discussed evidence for pH lowering that forces dissolution of phosphate and raises the dissolved P-concentration in the pore waters. Because the remaining (after dissolution) phosphatic grains serve as a crystallization seed, it will be there were overgrowth will occur once supersaturation is reached, acidity generating reactions (e.g., Schieber, 2007) cease, and pH levels increase (Lucas and Prevot, 1991; Briggs and Wilby, 1996; Trappe, 1998) . In thin section, cryptocrystalline apatite that does not appear overgrowing fossil fragments may either represent a surface that did not intersect and underlying fossil fragment, or it precipitated in available pore spaces once all available fossil surfaces were covered (Fig. 11L) .
The observed REE patterns (Fig. 10 ) are also consistent with the former action of dissolution and reprecipitation of fossil apatite in the PhBS unit (Fig. 10) . Leaching experiments show that preferential dissolution of apatite under acidic pH leads to MREE enrichment in water column (Hannigan and Sholkovitz, 2001) , and that precipitation of apatite from seawater results in the preferential removal of dissolved MREE from pore waters and the formation of MREE-enriched apatite (Byrne et al., 1996) . Thus, through multiple cycles of dissolution and reprecipitation significant enrichment of MREE can occur in phosphaterich layers, such as in samples CM-K4a and CM-K4b (Fig. 10) .
Scanned cathodoluminescence imaging (SEM-CL) further reenforces above view of repeated dissolution-precipitation cycles of cryptocrystalline apatite (Fig. 12) . CL-microscopy and -spectroscopy are a powerful tool to confirm the structural incorporation of activator elements and supplement conventional trace element analysis (Richter et al., 2003) . Blue CL is intrinsic for apatite and fossil francolite (Habermann et al., 2000) ) (Kempe and Götze, 2002) . Thus, there is a positive correlation between CL intensities and REE enrichments (Habermann et al., 2000) . Based on these studies, the brighter blue colors of overgrowth apatite (Fig. 12) indicate REE enrichment due to dissolution-precipitation cycles (Byrne et al., 1996 ; Hannigan and Sholkovitz, 2001) , and the speckled pattern of various degrees of blue CL intensities in the overgrowth (Fig. 12B, D , F) imply multiple and successive episodes of dissolutionreprecipitation and REE enrichment (increasing intensity of blue CL) and different stages of reprecipitation processes. The most intensive blue CL is observed in the apatite of phosphate nodules, which shows that phosphate nodules represent the final stage of many preceding dissolution-reprecipitation cycles (Fig. 12E, F) . The petrographic, SEM-CL, and geochemical observations made on the PhBS unit all converge to support an interpretation that calls on P-enrichment via multiple episodes of mechanical reworking coupled with dissolution-reprecipitation processes. 
Other possible orgins of phosphate
In modern ocean systems, upwelling of deep ocean waters is considered an important factor for formation of phosphate-rich sediments along continental margins (e.g., Kazakov, 1937; Burnett, 1977; Baturin, 1982) , and this model has been used as an analog for some ancient sediments (e.g., McKelvey, 1959; Parrish, 1982; Kidder, 1985; Cook and O'Brien, 1990; Piper and Link, 2002) . Upwelling currents are a phenomenon of the outer shelf to upper slope (Trappe, 1998) , and therefore, many ancient phosphorites or phosphate-rich sediments that were deposited in shallow inner shelf and epicontinental settings are not readily explained with an upwelling model (Glenn et al., 1994) . In the Devonian of the southern US, siliceous-cherty facies of the Upper Devonian Woodford Shale is considered deposited along the Devonian continental margin in upwelling setting (Parrish, 1982) , with anomalously high silica due to upwelling-driven high radiolarian productivity. As one follows the Woodford Shale to the north, however, into the interior of the Devonian inland sea (Conant and Swanson, 1961 ) the siliceous facies fades out and it becomes a dominantly carbonaceous shale that shows no influence of upwelling (Erik and Bynum, 2014) . A similar facies transition from Devonian continental margin to continental interior is also described for the Chattanooga Shale (Conant and Swanson, 1961) , where, as one follows the Chattanooga Shale north from Georgia and Alabama to Tennessee, siliceous-cherty facies occurs near the ancient Devonian margin and carbonaceous shales prevail in the continental interior. Our study area in Tennessee is located in a shallow epicontinental basin at least 500 km away from the Devonian continental margin (Schieber, 1998) , and it is doubtful whether upwelling currents could have extended that far north in a shallow sea (Schieber, 1994a; Trappe, 1998) . The fact that lateral equivalents of the phosphatic shales investgated here extend as far north as northern Ohio (the Cleveland Shale; Schieber and Lazar, 2004; Lazar, 2007) , approximately 1000 km north of the continental margin, further suggests that P-supply via upwelling is not a viable mechanism for the phosphatic black shales that accumulated in the Devonian inland sea.
Phosphatic fecal pellets from zooplankton are observed within modern and ancient phosphate-rich sediments and are considered as a possible source of phosphate (Porter and Robbins, 1981; Kidder, 1985; Slatt and O'Brien, 2011) . Some brownish round or lumpy "grains" are found within nodules in the PhBS unit and its equivalents in Indiana (Fig. 18F) . Most of them, however, are phosphate filled Tasmanites cysts (Fig. 18F, G) . Their largely uncollapsed nature suggests phosphate cementation in surficial sediments, comparable to silica and pyrite filled cysts in these same sediments (Schieber, 1996; Schieber et al., 2000; Schieber and Baird, 2001 ). In addition, no phosphatic pellets were found in the background shale matrix surrounding the nodules. Instead, Fig. 19 . Schematic model for concentration of phosphate in the PhBS unit. (A) Background black shale with low sedimentation rate in the PhBS unit. Brownish fragments stand for phosphatic particles. Black balls stand for pyritic particles. Black streaks represent organic matter. In the case of long duration or multiple bottom current reworking events, a large portion of the originally deposited mud has been eroded and removed. Normal graded phosbioclast layers are considered the result of reworking/winnowing events that waned gradually (C), inverse graded phosbioclast layers reflect gradual increase in bottom current energy (B). Silty phosphatic bands are results of longer term action of moderate energy current and wave action (D). In the case of short term bottom current events, only a small portion of the black shale matrix has been removed, and phosphatic particles are concentrated along pyritic-silty laminae or ripples (E). phosphatic fossil debris is the predominant phosphatic component in the host sediment of the (Figs. 6, 18D , E, F). Its common incorporation into phosphate nodules (Fig. 18 ) strongly suggests that phosphatic fossil debris is the main source of phosphate in these shales.
Microorganisms, especially sulfur oxidizing bacteria, can play both a passive role and an active role in the precipitation or reprecipitation of phosphates. Cells of bacteria can for example serve as templates for the nucleation and growth of apatite in a phosphate oversaturated solutions (Sigel et al., 2008) . On the other hand, bacterial phosphatases in the periplasm of sulfur bacteria actively liberate phosphate following the degradation of organic compounds (Hirschler et al., 1990; Blake et al., 1998) . Such a mechanism operates in recent phosphorite forming environments (e.g., Schulz and Schulz, 2005; Arning et al., 2009) . Via morphologic resemblance, micrometer-sized spherical, rod-shaped, or filamentous apatite bodies found in phosphatic sediments, have been linked to modern microbial cocci, bacilli, or filaments (e.g., Bailey et al., 2007; Bailey et al., 2013; Lepland et al., 2013) . Most of the modern analogs were large sulfur bacteria. Nanometer-scale phosphatic fossils of bacteria have also been found recently (Cosmidis et al., 2013) and are supported by experiments of gram-negative bacteria (Benzerara et al., 2004) . Some of the potential microbes in the PhBS (Fig. 13A , B, C, D, E, F) show morphologic resemblance to these nanometer-scale bacteria. A narrow size distribution of these objects (1-3 μm) (Fig. 13A ) future exclude possibility of abiotic chemical processes (Cosmidis et al., 2013) . These clusters of particles show a sparse distribution, indicating microbial bacteria may not play significant role for reprecipitation of phosphate. Origin for other clusters of deformed phosphatic particles (without multi-layered concentric structure and crown feature) (Fig. 13G, H, I ) is still questionable. The occurrence of apatite grains within organic matter (Fig. 14A , B, C) may imply microbial degradation of organic matter, which releases phosphate to pore waters and promotes reprecipitation of phosphate (Baturin, 1999) .
Diagenesis in phosphate nodules
In the course of a lengthy history of phosphate diagenesis, not only did soluble phosphate re-precipitate as overgrowth cryptocrystalline apatite crystals, but it also filled in Tasmanites cysts that were part of the original sediment. Various combinations of apatite and calcite cements in association with Tasmanites cysts (CPT and PT) give additional information on diagenetic processes during formation of the nodules. The spatial relationships between apatite and calcite seen in Figs. 16 and 17 indicate that calcite precipitated later than apatite. Precipitation of apatite usually occurs in the surface sediment as it oscillates between the suboxic (e.g., Froelich et al., 1979; Krom and Berner, 1981) and to sulfate reduction zone (e.g., Raiswell, 1976; McArthur et al., 1980) , Fig. 20 . Schematic model for the formation of phosphate nodules in the PhBS unit. (A) Severe long term reworking and erosion events lead to intermittent downward shift of the redox boundary (RB). The redox boundary (RB) is at the base of the erosion surface. This allows partial oxidization of pyrite particles (dissolution and degradation of framboidal pyrite) within the phosphatic intervals (B), causes a drop of pore water pH and enables marcasite formation, and also leads to partial dissolution of phosphatic fragments (C) and release of phosphate to pore waters. Dissolved phosphate in pore waters builds up to supersaturation levels, and gives rise to apatite precipitation when pore water acidity dissipates and pH rises again (D). Upward movement of the redox boundary due to continued accumulation of matrix moves phosphatic intervals into the suboxic/sulfate reduction zone. Both increasing pH and upward shift of redox boundary favor reprecipitation of phosphate, and result in overgrowth cryptocrystalline apatite around partially dissolved phosphatic fragments (F) and reprecipitation of phosphate along Tasmanites cyst (E). This cycle of reworking, dissolution and reprecipitation can be repeated multiple times. With deeper burial the sediment passes into the methanogenic zone and dissolution voids within phosphate nodules are cemented by calcite (G). Some Tasmanites cysts (H) are largely phosphatic cemented (PT), whereas in other places the phosphatic matrix has been partially dissolved (H′) and has later been cemented by calcite (CPT). Large solid arrows indicate principal transformations. Blue solid arrows indicate characteristic changes among related components. Dashed arrows mark chemical or physical processes.
whereas calcite is likely to precipitate at somewhat greater burial depth where microbial methanogenesis occurs (e.g., Dix and Mullins, 1987; Morad and Alaasm, 1994) . The pH levels needed for precipitation of apatite are around 7, levels at which calcium carbonate starts to dissolve (Lucas and Prevot, 1991; Briggs and Wilby, 1996; Trappe, 1998) . At normal seawater pH conditions (~8 or slightly above) calcium carbonate is more stable than phosphate and thereby inhibits phosphate precipitation even though pore water is typically saturated with respect to phosphate (Dornbos, 2011) . The observed textural relationships between apatite, pyrite, and calcite in nodules indicate that precipitation of apatite occurred first in the suboxic to sulfate reduction zone at shallow burial depth below the sea floor, followed by precipitation of secondary pyrite. Strong bottom currents eroded and winnowed sediment, as well as reworking and rotating phosphate nodules (Figs. 3C, 18A ). This also forced a downward migration of the redox boundary in the sediment and caused formation of secondary marcasite. The acidity associated with the latter process (e.g., Schieber, 2007) also caused partial dissolution of phosphate particles and later reprecipitation of phosphate and further growth of phosphate nodules. Upon deeper burial, remaining pores within nodules were cemented by calcite as the sediment passed through the zone of methanogenesis (e.g., Figs. 16A, 17F, 20) , and some phosphate was replaced by calcite (Fig. 17F ).
Conclusions
As observed in this study, phosphogenesis in the upper Chattanooga Shale is to a large degree driven by coupling of mechanical reworking and dissolution-reprecipitation processes in surficial sediments. Although microbial mediation and colonies as well as other phosphate origins, such as upwelling and fecal pellets, can play an important role in primary phosphogenesis, they do not appear to have been a major factor. The high phosphate content in the PhBS appears to be a combination of smaller overall sedimentation rates, coupled with reworking/winnowing episodes that strongly concentrated phosphatic fossil debris. A hierarchy of mechanical phosphate enrichment was observed, going from phosphatic silty laminae, over phosbioclast layers, to pebble-size reworked nodules. Apatite dissolution and reprecipitation resulted from a complex interplay of chemical interactions between Fe (benthic iron shuttle), sulfate and sulfides (pyrite, marcasite), and was mediated by microbial consortia that occupied the sediment. High energy events and bottom currents were essential for phosphate enrichment, and the associated chemical reactions that caused dissolution of apatite (acid generation through re-oxidation of pyrite) did require oxygen to proceed. Thus, even though the described phosphate beds are hosted by a black shale unit that traditionally was thought to reflect an anoxic ocean (e.g., Ettensohn, 1992; Rimmer, 2004 ) the combined evidence of strong currents, multiple high energy events, and oxygen requiring diagenetic reactions suggest that the overlying waters were more likely suboxic to dysoxic (e.g., Schieber, 2009 ).
